a b s t r a c t Among the species of potential interstellar relevance, methyl vinyl ether (CH3OCH@CH2) is the simplest ether compound containing both alkyl and alkene functional groups. In order to facilitate its detection in the ISM, we have measured the millimeter and submillimeter wave spectra from 50 to 650 GHz. We present the analysis of pure rotational spectrum of the cis-methyl vinyl ether in the vibrational ground state and in the first excited states of in-plane bending mode (m16) and methyl (m23) and skeletal (m24) torsional modes. Coriolis and Fermi type interactions between the v24 = 1 and v23 = 1 states have been explicitly treated using an effective two-state Hamiltonian.
Introduction
Grain-surface and gas-phase reactions have been found as the main reaction mechanisms of the chemical formation of complex organic molecules in hot regions of star formation [1] [2] [3] . According to the gas-phase models, the granular ices rich in methanol, ethanol, and higher alcohols, are evaporated into the gas phase and undergo alkyl cation transfer reactions followed by dissociative recombination reactions leading to the formation of neutral oxygen containing organic species like ethers [1, 4] . Astronomical detections of dimethyl ether [5] , methyl ethyl ether [6] , tentative detection of diethyl ether [7] as well as the observation of vinyl alcohol [8] in the star-forming regions, place methyl vinyl ether, the simplest ether compound containing both alkyl and alkene functional groups, among the species of potential interstellar relevance. Possible detection of the methyl vinyl ether in the ISM would be greatly helped by its previous laboratory measurements and spectral analysis.
Previously published laboratory works on the rotational spectroscopy of the most stable cis-conformer of the methyl vinyl ether (see Fig. 1a ) include the pure rotational transitions below 40 GHz in frequency [9] [10] [11] [12] [13] . In the first microwave study by Cahill et al. [9] , a set of the ground state rotational constants for the cis-methyl vinyl ether was reported. Later on, Kaushik [10] , Damiani et al. [11] , Fujitake and Hayashi [12] , and Meyer et al. [13] extended the assignments up to J 00 = 66 and Ka 00 = 31 and provided a centrifugal distortion analysis for the vibrational ground state. In addition, the substitution structure was derived on the basis of the rotational constants obtained for 14 isotopologues [12] and electric dipole moment components |la| = 0.295 (1) D and |lb| = 0.910 (2) D were determined from Stark measurements [9, 12] . The small A-E splittings arising from the coupling between methyl internal rotation and the overall rotation were resolved in the vibrational ground state using waveguide FTMW spectroscopy and a barrier to internal rotation of methyl group of 1256 cm -1 was derived [13] . Cis-methyl vinyl ether has three low-lying vibrational modes [14, 15] involving skeletal CCAOC torsion (m24), OACH3 torsion (m23) and in-plane CAOAC bending mode (m16), depicted in Fig. 1a . Gas phase IR and Raman studies of this molecule give the corresponding fundamentals at 234, 244.5 and 327 cm -1 , respectively [14] .
Assignments and analysis of the rotational transitions in some excited vibrational states have been also reported [9, [11] [12] [13] . The pure rotational spectrum of the less stable gauche-conformer was published by McWhorter et al. [16] . A plausible interstellar identification of methyl vinyl ether should be based on directly measured transitions or transitions predicted from a fit including higher frequency data. In this paper we report measurements and analysis of more than 4500 lines of the cis-methyl vinyl ether up to 650 GHz. Precise sets of spectroscopic constants for the vibrational ground state, first excited state of the bending mode (v16 = 1) as well as those resulting from the coupled fit between the first excited states of methyl and skeletal torsions (v23 = 1 and v24 = 1, respectively) have been determined. Results of this work should provide sufficiently precise laboratory information to enable astronomers to search for the cis-methyl vinyl ether towards various interstellar sources over a wide range of frequencies. The experimental setup, recently constructed at the University of Valladolid, used in the present study as well as in the previous works on ethyl cyanide [17] , vinyl cyanide [18] , phenol [19] , or ethyl mercaptan [20] , is described in the next section.
Experimental details
Schemes of the two configurations of the millimeter and submillimeter wave spectrometer used in this work covering the spectral range from 50 to 1080 GHz are shown in Fig. 2 . The microwave source (1) is a frequency modulated signal generator (Agilent E8257D) operating from 250 kHz to 20 GHz, phase locked to a Rubidium standard (2) . In the double pass configuration (Fig. 2a) , the microwave frequency is multiplied by 4, 6 or 9 using amplifier multiplier chains AMC WR15, AMC WR10, or AMC WR6.5 (3) from VDI, Inc., with average powers of 34 mW, 17 mW, and 4 mW, to reach the frequency ranges of 50-75 GHz, 75-110 GHz or 110-170 GHz, respectively. The optical path length of the free space cell (4) of 3.6 m is doubled using a polarization grid (5) (Millitech, Inc.) and a home-made rooftop mirror (6) . The output signal, after the second pass through the cell, is detected by the corresponding solid state Schottky diodes detectors WR15, WR10 and WR6.5 (7) from VDI, Inc. Rotational spectra above 170 GHz are measured in a single pass mode configuration shown in Fig. 2b (10) . For both configurations, detected source frequency-modulated signal is amplified (11) and send to the lock-in amplifier (SR510, Stanford Research Systems, Inc.) where 2f detection is applied, where f is the modulation frequency, to increase the sensitivity of the measurements (12) . Modulation frequency of 10.2 kHz is used for the non-cooled (room temperature) detectors while 90 Hz for the cryogenic detector and the modulation depth is determined to give the Doppler line width. The generator and the lock-in amplifier are connected by standard GPIB to the computer (13) and controlled by a laboratory developed LabVIEW program.
The commercially available sample of gaseous methyl vinyl ether (ChemSampCo, LLC, 98% purity) was used without further purification. The rotational spectra were recorded at room temperature with pressure of approximately 20 lbar in the frequency region 50-650 GHz. All the spectra were recorded in 1 GHz sections in both directions and further processed using the AABS package [21] . The transition lines were fit using a Gaussian profile function with accuracy for isolated well-developed lines estimated to be better than 50 kHz.
Ground state rotational spectrum
Cis-methyl vinyl ether is a prolate asymmetric top with symmetry properties described by Cs point group. Assignments of the ground state transitions were begun by making predictions based on the lower frequency data [12, 13] . Dominant features of the spectrum are series of b-type R-branch transitions separated about 2C � 9.7 GHz value with the most intense (J + 1)1J+1 J0J and (J + 1)0J+1 J1J pairs which are degenerate with increasing J quantum number. These transitions are accompanied with recognizable spectral patterns of b-type Q-branch series whose head lines are separated by approximately 2A-B-C � 25 GHz value. Much weaker a-type R-branch transitions were identified as well. Once the new data were assigned, they were added to the lower frequency transitions to form a global data set consisting of more than 2800 measured a-type and b-type transitions involving the rotational quantum numbers J 00 and Ka 00 up to 69 and 25, respectively. Rotational transitions were analyzed with the asymmetric-top Hamiltonian in the Watson's A-reduction in I r -representation [22] using SPFIT and SPCAT programs [23] . All the transition frequencies introduced to the least-square analysis were weighted inversely proportional to the second power of their estimated uncertainties. The unresolved pairs of the asymmetry splitting or transitions overlapped accidentally were fit as the intensity weighted averages. No A-E splittings due to the internal rotation were observed in the measured ground state transitions. Spectroscopic constants resulting from the final fit are summarized in Table 1 and the complete list of the rotational transitions is given in Table S1 of the electronic supplementary material. The rms deviation of the fit of 32 kHz is comparable to the experimental accuracy. The present dataset allows a determination of a complete set of the sextic centrifugal distortion constants and significantly refines the rotational and quartic centrifugal distortion constants given in the original microwave studies (see Table 1 ). These newly derived spectroscopic constants provide an accurate prediction of the cis-methyl vinyl ether in the millimeter and submillimeter wave region that can be used to guide future observational searches. [14] which may allow considerable perturbations in the pure rotational spectra of both states. Their analysis is given in the following section.
The v16 = 1 excited state appears to be free of interactions according to its energy spacing with respect to v23 = 1 and the v24 = 1 states. Spectral assignments of the transitions in the v16 = 1 state to quantum numbers were started with the lowest Ka transitions identified using the Loomis-Wood type plots. As new data were assigned, they were continuously added to the previous data set [12] and fit using Watson's A-reduced semirigid Hamiltonian [22] in I r -representation, initially up to the fourth order. As the analysis proceeded, sextic centrifugal distortion terms were tested and retained if they were well determined and produced any significant improvement in the fit. Only UJK, UKJ,
The first excited states of the three lowest-energy modes, m24, , / , and / could be determined with reasonable accuracy. An m23, and m16, were sufficiently populated at the room temperature of the experiment to readily observe rotational satellite lines. A section of the rotational spectrum showing the satellite pattern of the 16116 150 15 and 16016 151 15 pair is presented in Fig. 3 . Assignments of the rotational transitions in the excited states were carried out under the support of the Loomis-Wood type plots which were used successfully as a tool for the excited states assignments in other systems [19, 21, 24 ]. An example of this plot is shown in Fig. 4 , which is in agreement with the splitting observed in Ref. [13] , however these transitions were not included into the analysis. The spectroscopic constants resulting from the fit of more than 500 a-type and b-type rotational transitions (J 00 and Ka 00 up to 59 and 15, respectively) are summarized in Table 1 . The complete list of the rotational transitions is given in Table S2 of the electronic supplementary material. transitions measured previously [9, 12] were the starting points for the initial separate analysis of both excited states. In case of the v23 = 1 state, anomalous deviations (increasing as J rising) between the observed line positions and those calculated using the standard Watson's A-reduced semirigid Hamiltonian [22] were found rapidly in the Ka 0 Ka 00 = 1 0 sequence. Similar behavior, but with opposite sign of deviations, was found in the same range of the J quantum numbers in the Ka Under the Cs symmetry point group, both states belong to the same irreducible representation, C(v24 = 1) = C(v23 = 1) = A 00 , which may allow both Coriolis and anharmonic Fermi-type interactions allowed Fermi-type Hamiltonian up to the second power in angular momentum is given as [26] between them. The effective two-state Hamiltonian used takes the following form 
implemented in the Pickett's program package [23] has been specified in Ref. [27] . Initially, the quartic and sextic centrifugal distortion constants where the purely v-diagonal matrix elements are Watson's semiwere fixed to those determined for the ground state and the vibra- [22] for v24 = 1 and v23 = 1 states, respectively, and DE is the vibrafixed at the infrared value of 10.5 cm . The initial estimation of tional energy difference between both states. The off-diagonal blocs are composed from the sum of Coriolis and Fermi-type operators the Coriolis Gc constant was calculated according to the formula [28] (24,23) C and H (24, 23) , respectively. Assuming the Coriolis interaction, nonzero Coriolis terms are those for which the direct product 
symmetric representation [25] . According to this argument it can where f c is the dimensionless Coriolis constant obtainable from be derived that only c-type Coriolis coupling is allowed giving the Coriolis Hamiltonian up to the second power in angular momentum as follows [26] 
where Gc and Fab are the Coriolis coupling constants and the z, x, and y axis are taken to be the a, b, and c axis, respectively. by SPCAT of Pmix = 0.89 (see Fig. 5 ). Impact of this resonance on the observed b-type R-branch transitions is shown in the left part of Fig. 5 where the difference between the frequency m of a given transition in a given excited state and the frequency m0 of the same transition in the ground state scaled by (J 00 + 1) value is plot versus (J 00 + 1). This plot, obtainable from the AABS package [21] , shows a characteristic mirror effect of the (m-m0) quantity resulting from the repulsion of the energy levels being in resonance and was used with a great advantage in many perturbation analyses (see, for example, Refs. [21, 24, 29] Fig. 5 , correspond to the shifts of the involved transition frequencies of more than 3 and 6 GHz, respectively, from the visible main trend. It has to be mentioned that those rotational transitions in the v23 = 1 state having the lower or upper energy level in resonance with corresponding level in v24 = 1 state, and vice versa, were observed as doublets. Origin of these doublets could be attributed to the internal rotation splitting which is induced by perturbations occurring between both states. Furthermore, in the v23 = 1 excited state, internal rotation splitting was observed in many R-branch transitions involving the Ka > 5 energy levels and practically all Q-branch series of transitions with J 00 > 6. Internal rotation analysis was not performed in this work and all the transitions showing resolved or partly resolved internal rotation doublets were excluded from the analysis. That is also the reason why the experimental data at the resonant J values is missing in Fig. 5 . As the fitting procedure proceeded, Fab as well as W± constants were also found significant to describe properly the perturbed energy levels. Attempts to fit the experimental data using the Coriolis Hamiltonian with one of Gc and Fab fixed to zero were not successful. Both Fab and Gc were found as well determined parameters, however, strong correlations between them and C rotational constants of both states were observed. The experimentally determined Gc constant was close to the force field value, therefore, to eliminate these correlations, the Gc constant was in the final fit fixed to the ab initio value. The addition of higher J and Ka transitions into the analysis requested to include the centrifugal distortion corrections to the Gc and Fab constants which are obtained by the standard expansion of Eq. (2) in J 2 and J 2 . Those producing a significant improvement of the fit were retained. Although the release of the sextic centrifugal distortion constants improved the fit as well, their values revealed quite effective behavior and therefore were kept fixed to the ground state values. Finally, more than 1200 distinct frequency lines involving the transitions up to J 00 = 61 and Ka 00 = 10 and J 00 = 59 and Ka 00 = 6 for the v24 = 1 and v23 = 1 state, respectively, were analyzed within the experimental uncertainty. The final set of the spectroscopic constants is presented in Table 1 and the list of the analyzed transitions is given in Table S3 of the electronic supplementary material. It can be seen that the quartic centrifugal distortion constants show a remarkable consistency with those of the ground state in contrast to those determined from the single-state Hamiltonian analysis in Ref. [11] . The experimentally obtained energy difference DE = 10.204536 (3) cm
agrees well with DE = 10.5 cm -1 obtained from the infrared spectrum.
Conclusions
High resolution rotational spectra of the cis-methyl vinyl ether have been investigated up to 650 GHz. The present work significantly extends the frequency coverage of the cis-methyl vinyl ether rotational spectrum known up to now. More than 4500 distinct frequency lines were assigned which involve the transitions in the vibrational ground state, v24 = 1, v23 = 1, and v16 = 1 excited states. To describe correctly numerous local resonances between the levels pertaining to the v24 = 1 and v23 = 1 states, the experimental data were fitted with a model of two vibrational levels interacting by means of the c-type Coriolis and Fermi-type interactions. The resulting sets of the spectroscopic constants reproduce the rotational spectrum of the cis-methyl vinyl ether within the experimental accuracy and allow to search for this molecule in the interstellar medium.
